Aims: Adriamycin (ADR)-induced nephropathy is one of the most experimental models used in progressive kidney disease. A single dose of this drug induces a progressive and irreversible proteinuria that progresses to focal segmental glomerulosclerosis and tubulointerstitial lesions. Regular physical activity has been considered as a therapeutic intervention in several diseases. This study evaluated the influence of previous physical training in renal damage induced by ADR and the role of endothelial lesions and angiogenesis in this process. Main methods: Male Wistar rats were subjected or not to treadmill running for 4 weeks and then injected with ADR (2.5 mg/kg, i.v.) or saline. Twenty-four-hour urine samples were collected for albuminuria measurement, and blood samples were collected to measure plasma creatinine 60 days after the injections. The kidneys were removed for histological, immunohistochemical, Western blot and ELISA studies. Key findings: ADR-treated rats presented increases in plasma creatinine levels, albuminuria, podocyte damage, and enlargement of the tubular interstitial relative area, as well as higher macrophage numbers in the renal cortex, interleukin (IL)-1β levels in renal tissue and urinary monocyte chemoattractant protein (MCP)-1, which were associated with reduction in vascular endothelial growth factor (VEGF), endothelial nitric oxide synthase (eNOS) expressions and peritubular capillary (PTC) density in renal cortex. These alterations were less intense in the animals subjected to previous exercise training. Significance: Physical training prior to ADR injection reduced the renal damage induced by this drug. This effect was related to angiogenesis and reduction in the endothelial lesions and inflammatory process in the renal cortex of these animals.
Introduction
Several kidney diseases progress to a final stage of fibrosis in which highly specialized structures are replaced by fibroblasts and collagens, occurring alongside progressive loss of kidney function [1] . Adriamycin (ADR)-induced renal damage is an experimental model of progressive kidney disease [2] . ADR is one of the most used drugs for the treatment of neoplastic diseases. However, its use is limited due to its toxic effect in several organs and tissues. In rats, a single dose of ADR induces progressive and irreversible proteinuria, leading to tubulointerstitial injury, characterized by severe inflammatory cell infiltration, glomerulosclerosis, interstitial fibrosis, tubular lumen dilation, and atrophy of tubular cells [3] . The inflammatory process in the renal cortical tubulointerstitium results from tubular cell exposition to filtered proteins by the glomerulus. The reabsorption of these molecules by tubular cells can lead to the recruitment of macrophages and lymphocytes to the tubulointerstitial area [4] . Macrophages cause local damage by the generation of reactive oxygen species and pro-inflammatory cytokines. Macrophages also promote the transdifferentiation of tubular epithelial cells into fibroblasts, contributing to renal interstitial fibrosis [5] [6] [7] .
The increase in the permeability of the glomerular capillaries to albumin through the walls is related to podocyte lesions. Recent studies have shown that endothelial lesions precede the podocyte damage, playing an important role in the pathogenesis of progressive renal disease [8] [9] [10] [11] . One of the possible mechanisms of endothelial injury in renal disease is alteration in the local balance of angiogenic and endothelial survival factors [12] . VEGF has an important role in angiogenesis, by increasing capillary density and in the maintenance of vascular integrity of the kidney [13, 14] . Loss of VEGF expression was observed in animal models of renal diseases, including unilateral ureteral obstruction [15] , thrombotic microangiopathy [16] , renal lesions induced by ADR [17] and 5/6 nephrectomy [18] . At physiological conditions, podocytes secrete VEGF and maintain the glomerular endothelial cells in a healthy state, and urine without serum protein. VEGF signals stimulate eNOS and increase the production of NO by the endothelial cells [19, 20] .
Regular physical activity has benefits in several diseases. Physical activity improves endothelial function in patients with cardiovascular diseases and metabolic syndrome [21] [22] [23] , improves cardiac and renal function in patients with chronic kidney disease, and its practice may reduce or delay the progression of renal disease [24] [25] [26] . In a prospective observational cohort study, higher fitness was associated with a lower risk of chronic kidney disease decades later, even in at-risk populations, such as diabetics [27] .
In healthy individuals, physical activity can also lead to an increase in circulating progenitor cells that is related to the rise of VEGF [13, [28] [29] [30] . Exercise training upregulates nitric synthase expression in the kidneys of rats with diabetic nephropathy and hypertension, and in kidneys and hearts of rats with chronic heart failure, ameliorating renal damage, contributing to the antihypertensive effect and improving cardiac and renal function, respectively [31] [32] [33] .
In this study, we evaluated the influence of physical preconditioning on the renal structure and function in rats treated with ADR and its relationship with angiogenesis, endothelial lesions, inflammation, and fibrosis.
Materials and methods

Animals and experimental protocols
Male Wistar rats (70 to 80 g, n = 27) were provided by the Animal House of the Campus of Ribeirão Preto, University of São Paulo (Ribeirão Preto, Brazil), and housed in polycarbonate cages at standard room temperature (22°C) under a 12-h light/dark cycle with free access to standard rat chow and water. We started our study with 70 to 80 g Wistar rats because the animals gain weight during the training period, and at the end of training, the animals have reached the ideal weights for the experimental model.
The rats were initially selected according to their ability to run on a treadmill electron paramagnetic resonance EPR model (Gesan, São Paulo, Brazil) (0% inclination; daily sessions, with progressive duration (5 to 20 min) and velocity (5 up to 20 m/min), over 5 days). Only the animals that showed a positive response to the race stimulus at least three times were selected for this study. After this selection, the rats were subjected to maximum intensity testing (V max ). This test consisted of graded exercise on a treadmill, with increments of 3 m/min every 3 min, starting at 6 m/min up to the maximum intensity attained for each rat [34, 35] . This was used to assign rats with the same performance to the trained group and to establish the initial velocity (80% of V max ) for determining the Maximal Lactate Steady State (MLSS), which is considered as the gold standard test in aerobic capacity determination [36] [37] [38] . The animals were then submitted to continuous running for 30 min, with a rest interval of 48 h. The animal's tail distal extremity was sectioned with a little prick and 25 μL of blood was collected using heparinized capillary tubes, at rest, after 10, 20, and 30 min of exercise. Samples were transferred to 1.5-mL microcentrifuge tubes containing 50 μL of sodium fluoride (1%). The lactatemia was measured by an electrochemical method using a blood lactate analyzer (YSI 2300 STAT PLUS, Yellow Spring, USA). The MLSS was assumed to be the highest exercise intensity at which the blood lactate increase did not exceed 1 mM/L from the 10th to the 30th min of exercise. The intensity at MLSS was used for the training prescription [38] . The rats were then divided into two groups. One group of these animals was subjected to exercise training (PhT, n = 14), and another group was not subjected to training (sedentary, SED, n = 13).
The physical training program lasted for 4 weeks (5 days/week), and the training sessions alternated in relation to volume and intensity throughout the week, simulating models of training used by endurance athletes. Thus, the intensity and duration varied according to two levels of aerobic training/resistance: easy = Endurance 1 (END-1) and moderate = Endurance 2 (END-2). The END-1 level corresponded to continuous exercise lasting for 60 min using 50% of the MLSS intensity, and the END-2 level to continuous running lasting 30 min using 100% of the MLSS intensity (Table 1 ). This training model was adapted from Araújo et al. [39] .
Forty-eight hours after the last training program, all the rats were anesthetized with isoflurane (BioChimico, Rio de Janeiro, Brazil) and injected with a single i.v. injection of ADR (2.5 mg/kg) (Libbs, Barra Funda, Brazil) or saline, through the dorsal penis vein. The sedentary (SED) and trained (PhT) groups were subdivided into four groups: (i) sedentary + saline (SED + SAL, n = 6), (ii) physical training + saline (PhT + SAL, n = 6), (iii) sedentary + adriamycin (SED + ADR, n = 7), and (iv) physical training + adriamycin (PhT + ADR, n = 8).
The 24-h urine samples were collected on days 7, 30 and 60 after saline or ADR injections for albuminuria and urinary volume measurement. On day 60 after the injections, the rats were anesthetized using sodium thiopental (40 mg/kg, i.p.). The aortic artery was cannulated, and blood samples were collected to measure plasma creatinine. The kidneys were perfused with phosphate-buffered solution (PBS; 0.15 M NaCl and 0.01 M sodium phosphate buffer, pH 7.4) and then perfused with 4% paraformaldehyde, removed, sectioned transversely, fixed in 4% paraformaldehyde for 2 h and postfixed in Bouin's solution for 4 h. After fixation, the kidneys were rinsed in 70% ethanol and processed for paraffin embedding for histological and immunohistochemical studies.
All experimental procedures were conducted in accordance with the principles and procedures outlined in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Animal Experimentation Committee of the University of São Paulo at Ribeirão Preto School of Medicine (protocol no. 001/2013).
Renal function studies
On post-injection days 6, 29, and 59, the rats were placed in metabolic cages and 24-h urine samples were collected to measure albumin by electroimmunoassay using an anti-rat albumin antibody [40] . The data are expressed as mg of albumin per 24 h. Plasma creatinine was measured using a colorimetric method [41] .
Light microscopy and morphometric studies
Histological sections (3-μm-thick) were stained using Masson's trichrome and examined under light microscopy. The incidence of glomerular lesions was evaluated by scores in 50 glomerulus of each kidney. The scores reflected changes in the extent of the lesion (0 = 0-5%, 1 = 5-25%, 2 = 25-50%, 3 = 50-75%, and 4 ≥ 75%). The tubulointerstitial lesions of the renal cortex were evaluated by measuring the fractional relative interstitial area in the renal cortex that was determined by morphometry using a light camera connected to an analyzer. Twenty grid fields (measuring 0.1 mm 2 ) were evaluated in the renal cortex of each kidney. Interstitial areas were first manually encircled on a video screen and then determined by computerized morphometry (Axion version 4.8.3, Zeiss, Germany), and the mean values per kidney were calculated. 1  END1  END2  END1  END2  END1  2  END2  END1  END2  END1  END2  3  END2  END1  END2  END1  END2  4  END2  END1  END2  END1  END2 END-1, endurance 1; END-2, endurance 2.
Antibodies
The macrophage infiltration in renal tissue was evaluated using a monoclonal anti-rat ED1 antibody (Serotec, Oxford, UK) that only reacts with the cytoplasmic antigen present in macrophages and monocytes [42] . Podocyte lesions were evaluated using a monoclonal antibody against desmin (Dako, Glostrup, Denmark) and a policlonal antibody against podocin (Santa Cruz Biotechnology, Dallas, USA). Extracellular matrix accumulation in glomeruli and in tubulointerstitium from the renal cortex was analyzed using a polyclonal antibody against fibronectin (Chemicon International, Temecula, USA). Angiogenesis and endothelial lesions in renal cortical tissue were evaluated using a mouse monoclonal anti-rat VEGF (Santa Cruz Biotechnology, Dallas, USA) and aminopeptidase P (JG12, a marker for endothelial cells) (eBioscience, San Diego, USA) antibodies, respectively. The nitric oxide (NO) production in the renal tissue was evaluated by immunohistochemistry using a mouse monoclonal antibody against eNOS (Santa Cruz Biotechnology, Dallas, USA) and by Western blot using a rabbit policlonal anti-eNOS (Cell Signaling Technology, Danvers, USA).
Immunohistochemical study
Kidney sections were submitted for immunohistochemical study. The sections were incubated at 4°C overnight with 1/40 anti-rat VEGF monoclonal antibody and 1/500 anti-rat fibronectin polyclonal antibody or for 1 h with 1/1000 anti-rat ED1 monoclonal antibody, 1/1000 antirat JG12, 1/200 anti-mouse eNOS, and 1/200 anti-rat desmin monoclonal antibodies. The reaction product was detected using an avidinbiotin-peroxidase complex (Vector Laboratories, Burlingame, USA). The color reaction was developed with 3.3′-diaminobenzidine (DAB; Sigma Chemical Company, St Louis, USA) and nickel chloride in the presence of H 2 O 2 . The sections were then counterstained using Methyl green, dehydrated, and mounted. For the evaluation of the immunoperoxidase staining for desmin, fibronectin, and JG12 in the glomerulus, and fibronectin and VEGF in the tubulointerstitial area, we analyzed 50 glomeruli and 30-grid fields of the renal cortex measuring 0.1 mm 2 each that were semi-quantitatively graded, and the mean score per biopsy was calculated. Each score reflected changes in the extent of staining and depended on the percentage of the grid field showing positive staining: 0 = absent staining or b5% of stained area; 1 = 5-25%; 2 = 25-50%, 3 = 50-75% and 4 ≥ 75%. Immunoperoxidase staining for ED1 was determined by counting the positive cells (infiltrating macrophages) in the renal cortical tubulointerstitium, peritubular capillaries (PTCs) positively stained for JG12 in the renal cortex were evaluated by the examination of 30-grid fields, measuring 0.1 mm 2 each, and the mean counts per kidney were calculated. The percentage staining for eNOS in 20 fields of the cortical tubulointerstitium was calculated using NIH ImageJ software (http://www.nih.gov), and the mean values per biopsy were calculated. All the fields were analyzed under 400× magnification.
Western blot studies
The tissue from renal cortex and outer medulla was homogenized in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 μg/mL aprotinin, 1 μg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, pH 10, 1 mM sodium pyrophosphate, 25 mM sodium fluoride, 0.001 M EDTA, pH 8) at 4°C. Proteins (30 μg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, incubated for 24 h in 30 mL of blocking buffer (PBS, 5% skim milk), washed in buffer (PBS, 0.1% Tween 20, pH 7.6) and incubated with rabbit anti-podocin (1/500), mouse anti-VEGF (1/250) and rabbit anti-eNOS (1/500) antibodies, overnight at 4°C. To adjust the equivalence of protein loading and/or transfer, the membranes were also incubated with anti-α 1 -tubulin monoclonal antibody (1/4000; Sigma Chemical Co, St. Louis, USA) overnight at 4°C. Blots were washed and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1/5000; Dako, Glostrup, Denmark) or anti-mouse IgG (1/10,000; Dako, Glostrup, Denmark) for 1 h at room temperature. Membranes were then washed and membrane-bound antibodies were detected using the Supersignal West Pico Chemiluminescent Substrate (Pierce Chemical, Rockford, USA). The intensity of the identified lanes was quantified by densitometry using ImageJ NIH image software (http:// www.nih.gov).and was reported in arbitrary units [43] Protein estimations were performed using the Bradford [44] method.
IL-1β and MCP-1 measurement
MCP-1 content was quantified in urine samples collected by the urinary bladder, treated with 1 mM phenylmethylsulfonil fluoride (PMSF, Sigma Chemical Co, St. Louis, USA) and stored at −70°C until analysis. The levels of IL-1β were measured in renal tissue. The MCP-1 and IL-1β were determined using Enzyme-Linked Immunosorbent Assay (ELISA) kits according to the manufacturer's guidelines (Pierce, Rockford, USA and R&D Systems Inc., Minneapolis, USA, respectively). The values of IL-1β were expressed in pg/mg of protein and those of MCP-1 in pg/ mg of creatinine.
Statistical analysis
Two-way analysis of variance (ANOVA) with the Newman-Keuls multiple comparison test was used for the variables with normally distributed residuals or those that showed a normal distribution after log e transformation. The normality of the residuals and the homoscedasticity of variances were investigated through the graphics of normality and the graphic of dispersion between residues versus the observed values [45] . For data on residuals that were not normally distributed, the Kruskal-Wallis test with Dunn's post-test was used. Statistical analyses were performed using the STATISTICA program version 10 (StatSoft, Tulsa, USA). Graphics were built using GraphPad Prism version 6.0 for Windows (GraphPad Software, La Jolla, USA). The level of statistical significance was set at p b 0.05.
Results
Renal function
It was observed a significant and progressive increase of urinary albumin excretion in both groups of animals injected with ADR on days 7, 30, and 60 compared with the respective controls (SED + SAL and PhT + SAL) (p b 0.05). However, these increases were less intense in rats from the PhT + ADR group compared with those in the SED + ADR group on days 7 and 30 after ADR injection (p b 0.05) (Fig. 1 ). An increase in creatinine plasma levels was also observed in the SED + ADR [1.26 mg/dL (1.12; 1. 
Light microscopy studies
We observed in the histological studies the presence of enlargement of the mesangial glomerular area and the interstitial relative area from the renal cortex with the presence of inflammatory infiltrate and fibrosis in ADR-treated rats. The results of morphometry showed that the increase in the interstitial relative area was presented in both ADR-treated groups; however, it was less intense in the PhT + ADR rats (p b 0.05) (Fig. 2) .
Immunohistochemical and Western blot studies
The immunohistochemical studies showed increased numbers of ED1-positive cells in the tubulointerstitial area of the renal cortex from the groups treated with ADR compared with their controls; however, this increase was less intense in the PhT + ADR group (p b 0.05) (Fig. 3) . Desmin expression at the glomerular edge was increased in both ADR-treated groups, with less intensity in the PhT + ADR group (p b 0.05) (Fig. 4A-E) . Desmin expression at the glomerular edge is considered as a marker of podocyte damage. The normal expression of desmin in most rat strains is confined to mesangial cells, and podocytes only express it after injury [46] . Western blot analysis showed a significantly decrease in podocin expression in ADR-treated groups compared to their controls, which was attenuated in PhT + ADR group (p b 0.05) (Fig. 4F and G) . Increased fibronectin expression in the glomerulus was observed only in the SED + ADR group and in the tubulointerstitial area from the renal cortex in both groups of ADR-treated animals, with less intensity in the PhT + ADR group (Fig. 5) (p b 0.05) . A decrease of VEGF and eNOS expressions was detected in the tubulointerstitial area in the renal cortex of all the ADR-treated groups, which was less intense in PhT + ADR group. This decrease was confirmed by Western blot experiments (Figs. 6 and 7) . PTC density in the renal cortex, determined by quantification of the endothelium-specific JG12 marker, was decreased in ADR-groups, but this reduction was less prominent in the PhT + ADR group (p b 0.05) (Fig. 8) .
IL-1β and MCP-1 measurement
The results of ELISA assay showed higher contents of IL-1β in renal tissue and increased urinary excretion of MCP-1 in ADR-treated groups compared to their controls. These alterations were attenuated by previous physical training (p b 0.05) ( Table 2 ).
Discussion
The results of the present study indicate that previous physical training attenuated the renal damage induced by ADR in rats. Animals treated with ADR developed increased plasma creatinine levels, progressive albuminuria, enlargement of tubulointerstitial area of renal cortex, and mesangial area expansion in the glomerulus. They also presented inflammatory process in renal tissue (increased MCP-1 urinary excretion, IL-1β in renal tissue and macrophage infiltration in tubulointerstitial area of the renal cortex), associated with increased fibronectin (a marker of fibrosis) expression in the renal cortex. It was also observed desmin expression at the glomerular edge (an indicator of podocyte lesion) and decrease of podocin (component of podocytes) [47] content in renal tissue. These alterations were related to decreased VEGF and eNOS expressions and PTCs density (JG12 expression) in the renal cortical tubulointerstitium from these animals. These disturbances were less intense in rats from the PhT + ADR group. The beneficial effect of previous exercise in the reduction in the serum creatinine levels was already observed in models of renal ischemic injury and in streptozotocin-induced diabetic rats [48, 49] . Experimental evidence has shown the participation of proteinuria in the tubulointerstitial injury observed in this model [3] . Filtered protein can be toxic to tubule cells. In vitro studies using tubular cell cultures showed that some proteins, such as IgG and albumin, induced increased the production of inflammatory and vasoactive factors by these cells [50, 51] . Higher macrophage numbers in the tubulointerstitial area of the renal cortex and increased urinary MCP-1 and IL-1β renal content were observed in ADR-treated animals, which was less intense in animals subjected to exercise training (PhT + ADR group); this group also presented lower albumin urinary excretion. Physical activity was also associated with a decreased number of macrophages in the pulmonary tissue in a study using an animal model of acute infection, and with reduced macrophage infiltration in diabetic atherosclerosis and arterial inflammation in older rats. These effects were related to lower levels of proinflammatory cytokines, such as TNF-α and IL-1β, as well as increased expression of antioxidant enzymes [52] [53] [54] . Our study showed higher fibronectin expression in renal cortex and increased interstitial relative area in ADR-treated rats, which were less intense in rats submitted to previous exercise. It was found that the renal tubular cells also undergo a transdifferentiation process after the capture of proteins, modifying their function and phenotype and starting to produce and release cytokines and other inflammatory substances, with increased inflammation and renal fibrosis [5] . Increased relative interstitial area was already observed on the 7th day with successive increases on the 14th and 28th days after ADR injection in mice [17] . Amaral et al. [55] demonstrated that physical training preconditioning on a treadmill reduced fibronectin expression in the glomerulus of streptozotocin-induced diabetic female rats, showing that exercise has beneficial effects in attenuating the glomerulosclerosis. It was also shown that even after ADR injection, a swimming protocol of 60 min per day of exercise over 11 weeks reduced collagen deposition in the interstitial tissue of the kidney [56] . The podocyte lesion in ADR-treated rats was demonstrated by the increase in desmin expression at the glomerular edge and by decrease of podocin renal content, which were attenuated in PhT + ADR group. Desmin is a marker of podocyte damage [46] . The reduction in podocyte lesions in the PhT + ADR group can explain the decrease in albuminuria in these animals, since the podocytes are components of the glomerular filtration barrier [57, 58] . It was observed injury of glomerular epithelial cells with podocyte fusion on the first day after ADR administration. However, glomerular endothelial cell injury damage preceded podocyte lesions in ADR-induced nephropathy [8] . VEGF is produced and expressed in podocytes and in tubular epithelial cells. VEGF receptors are localized in pre-glomerular, glomerular, and peritubular endothelial cells [59] [60] [61] . Kairaitis et al. [17] reported a reduction in VEGF expression in areas of tubular damage 7 days after the administration of ADR in a murine model, with subsequent reductions on the 15th and 28th days after injection. Using a remnant kidney model, Kang et al. [18] observed that loss of VEGF was related to a reduction in glomerular and PTC densities, glomerulosclerosis, and interstitial fibrosis. VEGF reduction can contribute to impaired angiogenesis and endothelial cell loss, leading to progressive renal scarring [18, 62] .
Aminopeptidase P (JG12) is a specific marker for the vascular endothelium, which is specifically expressed by the endothelial cells of the glomeruli and tubulointerstitial vessels from renal tissue [63] . In the present study, we evaluated PTC density using JG12 antigen, and we observed that the reduction of PTC density presented in ADR-treated rats was less intense in the renal cortex of the PhT + ADR group. The higher VEGF expression observed in the tubulointerstitial area of rats subjected to physical training before ADR injection may be responsible for this effect. In the remnant kidney model, the VEGF administration protected PTC endothelium by reducing capillary rarefaction and increasing capillary density, suggesting that VEGF plays an important role in angiogenesis and in maintaining the vascular endothelium [64] .
Several studies have demonstrated that VEGF also stimulates NOS expression in endothelial cells, resulting in generation of bioactive NO [65, 66] . The higher VEGF expression observed in the renal cortex of rats subjected to physical training before ADR injection may be related to the smaller eNOS expression decrease in tubulointerstitial area in the PhT + ADR group in our study. In the kidney, eNOS is expressed in renal arteries and arterioles, glomerular capillaries, and vasa recta [67] , but it also has been detected in tubules [68] , such as the proximal convoluted tubule [69] , thick ascending limb of the loop of Henle [70] , and inner medullary collecting duct [71] . Acting by increasing the shear stress in vessel walls, exercise promotes an increase in eNOS expression, resulting in increased endothelial NO production [72] . We did not observe these increases in PhT + SAL compared to SED + SAL groups, although physical training is associated with increases in eNOS and VEGF expressions. However, the evaluation was only performed in these animals 60 days after the training sections had finished.
Conclusion
Taken together, these data show that physical training prior to ADR injection reduced the renal damage induced by this drug. This effect was associated with an increased angiogenesis process, and attenuation of endothelial lesions, the inflammatory process, and fibrosis. 
